GAIP (G ␣ interacting protein) is a member of the RGS (regulators of G protein signaling) family and accelerates the turnover of GTP bound to G␣i, G␣q, and G␣13. There are two pools of GAIP-a soluble and a membrane-anchored pool. The membrane-anchored pool is found on clathrin-coated vesicles (CCVs) and pits in rat liver and AtT-20 pituitary cells. By treatment of a GAIP-enriched rat liver fraction with alkaline phosphatase, we found that membranebound GAIP is phosphorylated. By immunoprecipitation carried out on [ 32 P]orthophosphate-labeled AtT-20 pituitary cells stably expressing GAIP, 32 P-labeling was associated exclusively with the membrane pool of GAIP. Phosphoamino acid analysis revealed that phosphorylation of GAIP occurred largely on serine residues. Recombinant GAIP could be phosphorylated at its N terminus with purified casein kinase 2 (CK2). It could also be phosphorylated by isolated CCVs in vitro. Phosphorylation was Mn 2؉ -dependent, using both purified CK2 and CCVs. Ser-24 was identified as one of the phosphorylation sites. Our results establish that GAIP is phosphorylated and that only the membrane pool is phosphorylated, suggesting that GAIP can be regulated by phosphorylation events taking place at the level of clathrin-coated pits and vesicles.
Residual microsomes (RM) and CCV-enriched fractions were obtained from rat liver as described (15, 16) . A total of 3.5 or 7 l RM fraction (14 mg͞ml) was resuspended in 100 l of CIP buffer [50 mM Tris⅐HCl (pH 9)͞1 mM EDTA͞100 mM ZnCl 2 ͞1 mM spermidine) in the presence of protease inhibitors and 300 M PMSF. Each concentration was then split into two microfuge tubes, one containing 30 units alkaline phosphatase (Roche Molecular Biochemicals) and incubated at 30°C for 3 h. Reactions were diluted with 10 l 1 M Tris⅐HCl (pH 6.8) and stopped by boiling in SDS-sample buffer. Proteins were separated by 12.5% SDS͞PAGE, transferred to poly(vinylidene difluoride) membranes, and immunoblotted with anti-GAIP (N) detected by enhanced chemiluminescence.
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Biosynthetic Labeling and Immunoprecipitation. AtT-20#1 cells stably expressing GAIP were prepared as described previously (25, 27) and labeled for 4 h with either 100 Ci͞ml Easytag or 1 mCi͞ml [ 32 P]orthophosphate. 35 S labeling was performed in Cys-and Met-free DMEM supplemented with 4% dialysed FCS. 32 P labeling was carried out in phosphate-free DMEM supplemented with 4% FCS. Cells were rinsed three times with ice-cold TBS [50 mM Tris⅐HCl (pH 8)͞150 mM NaCl] and homogenized in the presence of 50 mM ␤-glycerophosphate, 10 mM NaF, and 1 mM NaVO 4 (27) . Cytosolic (100,000 ϫ g supernatants) and crude membrane (100,000 ϫ g pellet) fractions were prepared by centrifugation of postnuclear supernatants (27) , solubilized in RIPA buffer (TBS͞1% Triton X-100͞0.5% Na deoxycholate͞ 0.1% SDS) at 4°C for 1 h. Lysates were precleared with 20 l protein A͞G-Sepharose (anti-HA mAb) or protein A-Sepharose (rabbit antisera). GAIP was precipitated with anti-HA (5 g͞ ml), or anti-GAIP (N), anti-GAIP (23-217), or anti-GAIP (C) antisera diluted 1:333, and protein A͞G Sepharose (anti-HA mAb) or protein A-Sepharose beads were added for 90 min. Beads were boiled, and immune complexes were separated by 10% SDS͞PAGE, exposed for autoradiography, and quantified by densitometry using ALPHA IMAGER software.
HEK293T cells were transiently transfected (calcium phosphate method) with 20 g of either pCDNA3 GAIP (1-217) or pCDNA3 (mock vector). Twenty hours after transfection, cells were serum-starved overnight in DMEM (containing 0.1% FCS and 10 mM Hepes), incubated in phosphate-free DMEM containing 0.1% FCS for 30 min, and labeled for 2 h in the same medium containing 1.67 mCi͞ml of [ 32 P]orthophosphate. Immunoprecipitation was carried out as described above for AtT-20#1 cells.
Phosphoamino Acid Analysis.
Immunoprecipitates from control and PMA-treated cells were transferred to Immobilon-P membranes (Millipore), the radioactive GAIP bands from the cytosolic and membrane fractions were cut out, pooled and subjected to hydrolysis (6 M HCl) at 106°C for 1 h. The samples were pelleted in a microfuge, and supernatants were lyophilized and resuspended in 10 l formic acid͞acetic acid buffer (pH 1.9) and phosphoamino acid carriers were added (29) . Amino acids were separated by horizontal, one-dimensional thin layer electrophoresis on cellulose-coated plates for 40 min. Phosphoamino acid standards were stained with ninhydrin, and radiolabeled phosphoamino acids were detected by autoradiography.
Phosphorylation of GAIP by Purified CK2. A total of 1 g GST-furin cd and 5 g His6 GAIP or GAIP (S24A) were incubated with CK2 purified from bovine testis (30) (31) . Reactions were stopped by boiling in SDS-sample buffer, proteins were resolved by 12% SDS͞PAGE, and the gel was dried and submitted to autoradiography. The bands corresponding to the phosphorylated GAIP proteins were excised, and the extent of phosphorylation was determined by scintillation counting. 
Results

RGS-GAIP Is Present in Cytosolic and Membrane Fractions of Stably
Transfected AtT-20 Cells. As reported earlier (27) , in mouse AtT-20#1 cells stably expressing GAIP, two pools of GAIP were found-one cytosolic and one membrane associated. By immunoblotting, the amount of GAIP found in the two pools was similar (Fig. 1A) . However, after biosynthetic labeling with [ 35 S]met͞cys and immunoprecipitation with GAIP antibodies, labeling of GAIP was detected mainly (Ϸ90%) in the cytosolic fraction by autoradiography (Fig. 1B) . These results show that in AtT-20 #1 cells the majority of the newly synthesized GAIP is cytosolic. We conclude that the membrane pool of GAIP turns over much more slowly than the cytosolic pool. Alternatively, there could be incomplete solubilization of the membrane pool.
The Membrane Pool of GAIP Is Phosphorylated. Previously, we reported that after immunoblotting rat liver fractions for GAIP, two bands, 26.5 and 28 kDa, were seen in the starting homogenate, in carrier vesicles, and in RM fractions (15, 16) . This suggested that GAIP might be posttranslationally modified, perhaps by phosphorylation. To investigate this possibility, RM (the most abundant of these fractions) were digested with alkaline phosphatase and immunoblotted for GAIP. After alkaline phosphatase digestion, a single 26.5-kDa GAIP band was seen by immunoblotting ( Fig. 2A) , indicating that the upper band in the RM fraction is phosphorylated. Interestingly, in the liver, the phosphorylated pool represents Ϸ60-70% of the total GAIP in the RM fraction. The fact that a doublet was previously found in membrane but not in cytosolic fractions (16) suggested that phosphorylation might correlate with membrane association.
Next, we carried out immunoprecipitation for GAIP on AtT-20#1 cells after 32 P labeling. 32 P-labeled GAIP was detected only in the membrane fraction (Fig. 2B) . Because no radioactive signal was detected in the cytosolic pool even after long exposures (up to 32 h), we conclude that, in AtT-20#1 cells, only the membrane-associated pool is phosphorylated. Thus, the results obtained on both rat liver and AtT-20#1 cells clearly indicate that phosphorylation is associated with the membrane pool of GAIP. Addition of PMA, a PKC activator, during the last 15 min of labeling did not significantly affect [ 32 P] incorporation. This suggests that phosphorylation of GAIP in AtT-20#1 cells is not regulated by phorbol ester-sensitive PKC.
GAIP Is Phosphorylated on Serine Residues. Because the quantity of labeled material available after immunoprecipitation of GAIP from AtT-20#1 cells was insufficient for phosphoamino acid determination, we shifted to HEK293T cells transiently transfected with GAIP. After 32 P labeling, phosphorylated GAIP could be immunoprecipitated from both the cytosolic (60%) and membrane (40%) fractions of these cells (Fig 3A) . The presence of phosphorylated GAIP in the cytosol could be because of cell type variation or, more likely, the result of saturation of the membrane targeting machinery due to overexpression. A 23.1-kDa band was also immunoprecipitated from 32 P-labeled cells after transfection with GAIP (28 kDa), probably resulting from an alternative initiation start site (25) . The upper labeled bands from the cytosolic and membrane fractions were combined and subjected to acid hydrolysis (29) . After migration on a cellulosecoated plate in the presence of p-Ser, p-Thr, and p-Tyr as carrier, the 32 P-labeled phosphoamino acids migrated mainly with the p-Ser marker. Thus, GAIP appeared to be phosphorylated mainly on Ser and sparsely on Tyr (Fig. 3B, lane 2) . Again, addition of PMA during the last 15 min of 32 P labeling did not affect incorporation, nor did it change the residue on which GAIP is phosphorylated (Fig. 3B, lane 3) .
GAIP Is Phosphorylated at Its N Terminus by CK2. The primary sequence for GAIP contains two consensus sites for PKC and seven for CK2 (25) . Among these consensus sites are four Ser-one in the N terminus, two in the RGS domain, and one in the C terminus. All four are putative CK2 phosphorylation sites, and one of those in the RGS domain is also a putative PKC phosphorylation site. Because PMA did not change the amount of radioactive phosphate incorporated, it seemed unlikely that a phorbol ester-sensitive PKC is involved in the phosphorylation of GAIP. Therefore, we turned our attention to CK2 and performed in vitro phosphorylation of GAIP in the presence or absence of purified CK2 (Fig. 4A) . GAIP, as well as a positive 3, and 5 ) and membrane fractions (lanes 2, 4, and 6) were prepared and solubilized as in Fig. 1 . GAIP was immunoprecipitated using anti-HA (lanes 1 and 2), anti-GAIP (23-217) (lanes 3 and 4), or anti-GAIP (N) (lanes 5 and 6). Immune complexes were resolved by SDS͞PAGE and exposed overnight for autoradiography. Phosphorylated GAIP is detected exclusively in the membrane fraction (P) with all three antibodies. control, GST-furin cd (a recombinant protein containing 56 amino acids of the cytoplasmic domain of furin) (31), were phosphorylated by CK2 (Fig. 4A, lanes 1 and 3) . The efficiency of phosphate incorporation into GAIP was low: 1 pmol phosphate͞22 pmol in the presence of Mg 2ϩ and 1 pmol phosphate͞12 pmol in the presence of Mn 2ϩ . Because we found GAIP to be phosphorylated when membrane-anchored and GAIP (27) and several other RGS proteins are thought to be anchored to membranes at their N termini (32-34), we reasoned that phosphorylation might occur at the N terminus. We therefore mutated Ser-24, the only Ser that represents a putative consensus phosphorylation site for CK2 in the N terminus of GAIP. When GAIP (S24A) was incubated in the presence of CK2, its phosphorylation was reduced (Fig. 4A, lane 5 ) compared with wild-type GAIP (Fig. 4A, lane 3) . The reduction was estimated to be Ϸ50% of the wild-type GAIP (Fig. 4B) . This (i) shows that GAIP is a substrate for CK2, and (ii) suggests that Ser-24 is phosphorylated by CK2.
GAIP Is Phosphorylated by a CCV-Associated Mn 2؉ -Dependent Kinase.
Because GAIP is localized on CCVs (15, 16) and CK2 activity has been shown to be associated with isolated CCVs (35-37), we reasoned that phosphorylation of GAIP in vivo might be mediated by a CK2 found in CCV fractions. To investigate this possibility, we performed a kinase assay in which we tested the ability of CCVs to phosphorylate recombinant GAIP and evaluated the ion dependence of the kinase activity associated with CCVs. After incubation of CCV with [␥-32 P]ATP and 3 mM MnCl 2 , no phosphoprotein was detected in the 30-to 32-kDa region. However, several other phosphorylated proteins could be detected (Fig 5A, lane 13) at 220, 100-110, and 46-50 kDa. These bands were shown previously (38) (39) (40) to correspond to the heavy chain of clathrin, ␤ adaptin, and adaptins, respectively. Dramatic variation in the phosphorylation profile of adaptins was seen depending on the cations used in the assay (compare Zn 2ϩ with Mn 2ϩ or Mg 2ϩ , Fig. 5A, lanes 10-12 vs. lanes 2-9) . Mg 2ϩ -dependence was also observed for a 65-kDa phosphoprotein (Fig. 5A, lanes 7-9) that could correspond to the uncoating ATPase Hsc70 (Fig. 5A, lanes 7-9) (40) . When His6 GAIP was added to the kinase assay, an additional 30-to 32-kDa band corresponding to GAIP was phosphorylated in a Mn 2ϩ -dependent manner from 1 to 30 mM (Fig. 5A, lanes 3-6) , whereas little or no phosphorylation of GAIP was detected in the presence of Mg 2ϩ or Zn 2ϩ (compare intensities of signal in Fig.  5A, lane 6 vs. lanes 9 or 12) . These results demonstrate that CCVs are able to catalyze the phosphorylation of GAIP in vitro in the presence of Mn 2ϩ .
To confirm the site of phosphorylation of GAIP by CCVs, we tested the ability of CCVs to phosphorylate different domains of GAIP in the presence of Mn 2ϩ . The mobility of GAIP 80 -206 (Fig.  5B, lane 1) was Ϸ17 kDa, as expected, but GAIP 1-79 had an unexpected behavior in SDS͞PAGE as it migrated at 21 kDa. The autoradiogram obtained after addition of different domains to the CCV assay (Fig. 5C) shows that the core domain, GAIP 80 -206 (Fig. 5C, lane 2) , as well as the N terminus, GAIP (Fig. 5C, lane 3) , could be phosphorylated by CCVs. Interestingly, RGS4 (Fig. 5C, lane 5) was not phosphorylated in our CCV assay. GAIP (S24A) was again not as good a substrate as wild-type GAIP (Fig. 5C, compare lanes 1 and 4) , as its phosphorylation was reduced by 25%. These results demonstrate that GAIP is phosphorylated on Ser-24 and suggest that additional sites on GAIP are phosphorylated by CCVs.
Discussion
Because RGS proteins can regulate the nucleotide cycle of G proteins, they are important elements regulating many signaling processes. Regulation of RGS proteins is also controlled at both the transcriptional and posttranslational levels (13, 14) . As reported previously and confirmed here, two pools, GAIPsoluble and membrane-associated, are found in AtT-20 clone #1 cells stably expressing GAIP and in all cell types investigated. Previously, we demonstrated that only the membrane pool is palmitoylated, and, in this paper, we demonstrated that it is also predominantly the membrane pool that is phosphorylated. That GAIP is phosphorylated was shown in two cell types by two different methods-i.e., by alkaline phosphatase treatment of liver fractions and by 32 P labeling of AtT-20#1 cells stably overexpressing GAIP. We further showed that phosphorylation occurs mainly on Ser residues, and we identified Ser-24 as one of the sites phosphorylated by CK2. We designed an assay based on our localization and biochemical data using isolated CCVs from rat liver and showed that recombinant GAIP could be phosphorylated at its N terminus by isolated CCVs in vitro. Although at present there is no consensus concerning ion requirements for CK2 activity (41) (42) (43) , we showed that Mn 2ϩ is required for phosphorylation of GAIP by CCVs. From these results, we speculate that clathrin-coated pits and vesicles could be one of the cellular compartments where GAIP is phosphorylated.
Phosphorylation events are important in regulation of signal transduction because they can affect subcellular localization and the activity of effectors, e.g., phospholipase A2, mitogen activated protein kinases, and ion channels (44) (45) (46) . RGS proteins are important inhibitory elements of signal transduction. Our findings suggest that RGS proteins may also be regulated by phosphorylation. Several RGS proteins have been shown to exist in both cytosolic and membrane forms (13, 14) , but GAIP is the only RGS protein that has been localized on CCVs. A membrane form of RGS4 has been reported, and its cytosolic form has been shown to translocate to plasma membrane when activation of G proteins was mimicked (32, 33) ; however, no phosphorylation of recombinant RGS4 could be detected in our assay. This suggests individual variation among RGS proteins in this respect.
How phosphorylation is related to membrane association is still poorly understood. ␣ subunits of G proteins are modified by both lipids (myristoylation, palmitoylation) and phosphate groups. Both types of modification affect their activity (11, 12) , but to date no clear link has been established between these two posttranslational modifications. In the case of MARCKS proteins, membrane association is better understood, as phosphorylation contributes in a cooperative way along with electrostatic interactions and lipid modification (myristoylelectrostatic switch) (47) . A myristoylation-deficient mutant of MARCKS could not bind to the plasma membrane and failed to be phosphorylated (48) . This suggests that membrane association and phosphorylation are linked, but the precise chronology of events needs to be investigated for each protein. Based on the model of the myristoyl-electrostatic switch for MARCKS protein, a cooperativity between palmitoylation and positively charged amino acids interacting with negatively charged phospholipids has been proposed to be responsible for membrane targeting of RGS 16 (34) . GAIP does not fit this model because the extreme N terminus of GAIP is negatively charged, rendering membrane association by electrostatic interactions alone improbable. Palmitoylation, described for GAIP (27) , by creating a high-energy thioester linkage, could facilitate membrane association and subsequent phosphorylation.
Interestingly, Ser-24, which is phosphorylated in GAIP, is not conserved among the other RGS proteins, including members of the GAIP subfamily which includes RET1-RGS and RGSZ1 (49) . Therefore, the phosphorylation events we have described on Ser-24 must be specific for GAIP. This emphasizes that caution must be taken not to generalize from findings obtained on one RGS protein to others.
Phosphorylation and dephosphorylation events at the level of CCVs are a common theme for regulating protein-protein interactions that occur during endocytosis. A protein kinase able to phosphorylate in vitro the exogenous substrate casein has been shown to copurifiy with rat liver CCVs. This protein kinase has been identified biochemically as CK2 (36) . We showed that GAIP could be phosphorylated by purified CK2 and rat liver CCVs on Ser-24 in vitro. Therefore, it is reasonable to assume that CK2 may be responsible for the phosphorylation of membrane-associated GAIP. Collectively, our findings suggest that the phosphorylation of GAIP may be regulated by the endocytic machinery. The functional consequences of phosphorylation remain to be understood, but appear to be tied to membrane association.
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